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Freestanding crystalline oxide perovskites down to
the monolayer limit
Dianxiang Ji1,2,7, Songhua Cai1,2,7, Tula R. Paudel3,4, Haoying Sun1,2, Chunchen Zhang1,2, Lu Han1,2, Yifan Wei1,2, Yipeng Zang1,2,
Min Gu1,2, Yi Zhang5, Wenpei Gao5, Huaixun Huyan5, Wei Guo1,2, Di Wu1,2, Zhengbin Gu1,2, Evgeny Y. Tsymbal3,4, Peng Wang1,2*,
Yuefeng Nie1,2* & Xiaoqing Pan1,2,5,6*

Two-dimensional (2D) materials such as graphene and transitionmetal dichalcogenides reveal the electronic phases that emerge
when a bulk crystal is reduced to a monolayer1–4. Transition-metal
oxide perovskites host a variety of correlated electronic phases5–12,
so similar behaviour in monolayer materials based on transitionmetal oxide perovskites would open the door to a rich spectrum of
exotic 2D correlated phases that have not yet been explored. Here
we report the fabrication of freestanding perovskite films with
high crystalline quality almost down to a single unit cell. Using
a recently developed method based on water-soluble Sr3Al2O6 as
the sacrificial buffer layer13,14 we synthesize freestanding SrTiO3
and BiFeO3 ultrathin films by reactive molecular beam epitaxy and
transfer them to diverse substrates, in particular crystalline silicon
wafers and holey carbon films. We find that freestanding BiFeO3
films exhibit unexpected and giant tetragonality and polarization
when approaching the 2D limit. Our results demonstrate the
absence of a critical thickness for stabilizing the crystalline order
in the freestanding ultrathin oxide films. The ability to synthesize
and transfer crystalline freestanding perovskite films without any
thickness limitation onto any desired substrate creates opportunities
for research into 2D correlated phases and interfacial phenomena
that have not previously been technically possible.
Two-dimensional (2D) materials have recently generated substantial
interest owing to their remarkable electronic properties and potential
for electronic applications1–4. In conventional 2D materials, such as
graphene and transition-metal dichalcogenides, these properties are
largely controlled by the weakly interacting electrons of the s and p
orbitals1,4. By contrast, the strongly interacting electrons of the d orbital
in transition-metal oxide perovskites give rise to a rich spectrum of
exotic phases, including high-temperature superconductivity5,6, colossal magnetoresistance7,8, Mott metal–insulator transitions9,10 and multiferroicity11,12. Like conventional 2D materials, 2D transition-metal
oxide perovskites are expected to exhibit new fundamental properties
and to enable the development of multifunctional electronic devices.
This prospect is, however, hindered by the technical challenges of
exfoliating three-dimensional oxide crystals or lifting strongly bonded
ultrathin-oxide films from the substrate.
Many techniques have been used to synthesize freestanding films,
involving selective etching of the buffer layer using acid15,16, dissolving the NaCl substrate using water17 and melting the film–substrate
interface using laser18 and ion implantations19. These techniques are
difficult to generalize to a wide range of perovskite oxides. Recently,
Lu et al. developed a method of synthesizing high-quality freestanding
perovskite oxides using water-soluble Sr3Al2O6 (SAO) as a sacrificial
buffer layer13,14, providing a step towards the search for similarly exotic
2D correlated phases in perovskite oxides. In this work we show that
high-quality freestanding perovskite oxides such as SrTiO3 (STO) and

BiFeO3 (BFO) films as thin as a single unit cell can be synthesized and
transferred onto any desired substrates, for example, silicon wafer and
holey carbon. Surprisingly, freestanding BFO films exhibit a rhombohedral-like (R-like) to tetragonal-like (T-like) phase transition and
show both a large c/a ratio and giant polarization when approaching
the ultimate 2D limit.
Epitaxial SAO and the subsequent perovskite oxide films were grown
by reactive molecular beam epitaxy instead of the pulsed laser deposition used in earlier works13,14. The growth condition of the SAO
sacrificial buffer layers was carefully optimized to show clear fourfold
reconstructed electron diffraction patterns that exhibit four intensity
oscillation periods during the growth of the one-unit-cell SAO, as
described in Methods and Extended Data Fig. 1. A series of freestanding STO and BFO films of various thicknesses were grown and transferred. All samples exhibit atomic flat surfaces, possessing clear atomic
steps and terraces (see Extended Data Fig. 1). Freestanding films several
millimetres square were released by dissolving the SAO buffer layer in
deionized water with mechanical support from a polydimethylsiloxane
(PDMS) tape or silicone-coated polyethylene terephthalate (PET), and
then transferred onto the desired substrate for scanning transmission
electron microscopy (STEM) imaging: silicon wafer for cross-sectional
imaging and holey carbon TEM grids for plan-view imaging (Fig. 1).
We first demonstrate that ultrathin single-crystalline freestanding
STO films as thin as one unit cell can be fabricated and transferred. As
shown in Fig. 1d, e and 2, freestanding STO films of various thicknesses
were synthesized by oxide molecular beam epitaxy and characterized
by TEM using selected-area electron diffraction (SAED) and plan-view
and cross-sectional high-angle annular dark-field (HAADF) imaging
with atomic resolution. The SAED diffraction spots observed are sharp,
narrow and round, indicating that all films, including the one-unitcell-thick film, are of single-crystalline form. Atomically resolved
cross-sectional and plan-view HAADF images show high crystalline
quality in four-, three- and two-unit-cell-thick freestanding STO films,
well below the previously reported five-unit-cell critical thickness
below which the crystalline lattice will collapse14. We note that with
decrease in thickness the freestanding STO films become extremely
sensitive to electron beams, experiencing knock-on damage and radiolysis under high-energy beams; damage was observed even at low-dose
SAED measurements (about 0.6e Å−2; where e is the electron charge;
Extended Data Fig. 3). As a result, no high-quality HAADF images
could be acquired for the one-unit-cell sample owing to the much higher
irradiation (around 2 × 104e Å−2) required for that measurement.
Nonetheless, the high-quality SAED data obtained for all thicknesses
and the atomically resolved HAADF images for the four-, three-, and
two-unit-cell-thick films indicate that there is no critical thickness limitation for freestanding STO films. In fact, ultrathin freestanding oxide
films exhibit ‘ripples’, or roughened features (Extended Data Fig. 8) that
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Fig. 1 | Growth and transfer of ultrathin freestanding SrTiO3 films.
a, Schematic of a film with an SAO buffer layer. b, The sacrificial SAO layer
is dissolved in water to release the top oxide films with the mechanical
support of PDMS. c, New heterostructures and interfaces are formed when
the freestanding film is transferred onto the desired substrate.
d, e, Atomically resolved cross-sectional (d) and low-magnification
plan-view (e) HAADF images of a two-unit-cell freestanding STO film
transferred to a silicon wafer and a holey carbon TEM grid, respectively.
f, g, Atomically resolved cross-sectional (f) and low-magnification planview (g) HAADF images of a representative four-unit-cell freestanding
STO film, showing the excellent flexibility of ultrathin freestanding films.

are similar to those seen in graphene20 and that may help to stabilize
the freestanding oxide films at the 2D limit. Interestingly, freestanding
oxide films, although ceramic-like (brittle) in bulk form, become flexible at a thickness of a few unit cells and can be bent and even folded in
on themselves (Fig. 1f, g), suggesting excellent potential for ultrathin
freestanding oxides in flexible multifunctional electronics applications.
a
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In addition to non-polar oxides like STO in which each atomic layer
is charge neutral, we also fabricated ultrathin freestanding polar BFO,
namely the extensively investigated single-phase multiferroic compound. At room temperature, bulk BFO is rhombohedral with a large
ferroelectric polarization pointing along the <111> directions of its
pseudocubic unit cell (a = 3.96 Å, α = 89.4°). In the thin film form,
epitaxial strain imposed by the substrate can stabilize BFO into a wide
range of crystal structures, including the T-like, R-like, orthorhombic,
monoclinic and triclinic phases21–26. In particular, under large compressive strain the T-like phase exhibits a large c/a ratio of22,27,28 about 1.25
and a giant ferroelectric polarization as large as29 150 μC cm−2, which
is of great interest for applications such as piezoelectrics with enhanced
electromechanical response.
Structural characterizations indicate the high crystalline quality of
freestanding BFO films down to monolayer thickness (Extended Data
Fig. 2). Like freestanding STO films, the crystalline lattice of two-unitcells-thick and one-unit-cell-thick freestanding BFO films survive only
at low-dose SAED measurements. Remarkably, ultrathin freestanding
BFO films show a structural transition from an R-like phase in the
as-grown films to a T-like phase in their freestanding form (Fig. 3a, b).
Further study reveals that this structural transition takes place only in
four-unit-cell and thinner freestanding films (Figs. 3c, 4d). As the thickness of freestanding BFO films decreases, the in-plane lattice shrinks
and the out-of-plane lattice expands, resulting in an abnormally large
c/a ratio (up to 1.22) and polarization (140 μC cm−2) along the out-ofplane direction (Fig. 3c, d), in contrast to a c/a value of about 1.0 and a
polarization of 90–100 μC cm−2 in the unstrained bulk rhombohedral
phase30. This resembles the strain-driven T-like phase22,27–29, but no
strain is needed in these ultrathin freestanding BFO films.
Moreover, out-of-plane piezoresponse force microscopy (PFM)
measurements on all freestanding BFO films show clear hysteresis loops
(Fig. 3e, f and Extended Data Fig. 4), indicating that the polarization
is switchable even in a film as thin as two unit cells. A strong in-plane
domain contrast appears in thicker freestanding BFO films and disappears at thinner (two and four unit cells thick) films (Extended Data
Figs. 4, 5). This indicates the structural transition from an R-like phase
(polarization along the <111> directions) in thick freestanding films
to a T-like phase (polarization along the <001> direction) in ultrathin
freestanding films, consistent with the phase transition observed in the
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Fig. 2 | Synthesis of ultrathin freestanding STO films of high crystalline
quality. a–c, Cross-sectional HAADF images (a), SAED patterns (b),
and plan-view HAADF images (c) of ultrathin freestanding STO films of
various unit-cell thicknesses, showing no critical thickness limitation for
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the synthesis of freestanding crystalline oxide perovskite films. As the oneunit-cell freestanding film is extremely sensitive to the electron beam, it
can survive only at low-dose SAED measurements.
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Fig. 4 | Calculated giant polarization and lattice distortion in ultrathin
freestanding BFO films. a, Structure of a three-unit-cell-thick BFO film.
The off-centre displacement (δcz) is defined as the distance along the outof-plane direction between the centres of the neighbouring Bi ions (dotted
black line) and Fe ions (dotted blue line). b, c, Evolution of the average c/a
ratio (b) and δcz (c) as a function of thickness shows the increase of c/a and
the polarization in freestanding BFO films when approaching the 2D limit.
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Fig. 3 | Giant polarization and lattice distortion in ultrathin
freestanding BFO films. a, b, Cross-sectional HAADF images of a threeunit-cell BFO film before (a) and after (b) releasing the film, showing
an R-like phase with polarization along the <111> directions and a
T-like phase with polarization along the <001> direction, respectively.
c, d, The c/a ratio (c) and the offset (δc and δa) of Fe ions from the
centres of four neighbouring Bi ions (d) as a function of the thickness of
freestanding BFO films, showing the evolution from an R-like to a T-like
phase transition as the thickness of the film decreases. The error bars
in c and d represent the fitting error of the lattice constants. e, f, PFM
amplitude–voltage butterfly loop (e) and phase–voltage hysteresis loop (f)
of a four-unit-cell freestanding BFO film on a conductive silicon substrate,
showing that the polarization is switchable. d33, out-of-plane piezoelectric
coefficient.

HAADF measurements. The unexpected giant tetragonality and polarization in ultrathin freestanding BFO films highlights the possibility
of discovering unexpected phases in ultrathin freestanding perovskite
oxides.
To understand the origin of the lattice distortion and giant polarization in ultrathin freestanding BFO films, we performed first-principles calculations on BFO slabs of various thicknesses (Fig. 4). We
relaxed ultrathin slabs of bulk rhombohedral BFO and found that the
off-centre displacement δcz—defined as the distance between the Fe
ions and the centre of four neighbouring Bi ions along the out-of-plane
direction—and the c/a ratio exhibit large values, consistent with our
experimental observations. Moreover, thickness-dependent calculations show an R-like to T-like phase transition as the freestanding BFO
film approaches the 2D limit (Fig. 4b, c). In ultrathin BFO films, the
c/a ratio and the off-centre displacement are both large, and decrease
with increasing thickness to the values corresponding to an R-like phase
(c/a ≈ 1). In bulk rhombohedral BFO, the stereochemical activity of
a lone pair of Bi electrons drives the off-centring; in a T-like phase,
Fe also displaces from the centrosymmetric position, the combined
effects of which result in a large c/a ratio. In ultrathin films, the surface

electric field further displaces the polar surfaces and enhances the c/a
ratio (see Extended Data Fig. 6). This, in part, is responsible for the
recently reported T-like distortion and slightly greater c/a value of 1.04
in the one-unit-cell-thick BFO film grown on the SRO-buffered STO
substrate31. By releasing the clamping imposed by the substrate in our
freestanding films, the in-plane lattice constants shrink and the outof-plane lattice constants expand further, resulting in a giant c/a value
of 1.22 (Fig. 3b).
We conclude by emphasizing that freestanding perovskite oxide films
down to a thickness of one unit cell can be synthesized and transferred
with high crystalline quality through a bottom-up layer-by-layer growand-release technique. These advantages mean that this bottom-up
technique can also produce metastable phases and thin layers of
uncleavable three-dimensional crystal, greatly expanding the range of
available 2D material systems. With this ability, we anticipate that 2D
perovskite oxides could become as useful as graphene in the discovery
of unconventional 2D correlated quantum phases.
As a promising example, we have shown that ultrathin freestanding
BFO films without epitaxial strain exhibit unexpected large tetragonality and giant polarization. Also, the extreme flexibility of freestanding
perovskite films provides an unprecedented very large strain gradient,
the flexoelectric/flexomagnetic effects of which are yet to be explored.
Moreover, the ability to transfer high-crystalline-quality ultrathin perovskite films onto any desired substrate provides opportunities for
discovering novel interfacial physics and applications in new types of
heterostructure. For example, similar to the recent discovery of unconventional superconductivity magic-angle-twisted bilayer graphene
heterostructures32,33, more exotic correlated interfacial phases are yet
to be explored in two misaligned sheets of perovskites. The ability to
transfer any crystalline freestanding perovskite films onto silicon or
other semiconducting wafers is likely to enable the direct incorporation of strongly correlated properties in conventional semiconductors,
paving the way for a new generation of multifunctional electronic
devices.
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Methods

Epitaxial film growth and transfer. The water-soluble SAO layer was grown first
on (001) STO single-crystalline substrate followed by the growth of a thin film
(STO or BFO) by oxide molecular beam epitaxy. The SAO films were grown with
an oxidant (10% O3 and 90% O2) background partial pressure of oxygen p of
O2
1 × 10−6 Torr and at a substrate temperature Tsubstrate of 750 °C. The STO films were
−6
grown with p = 1 × 10 Torr and at Tsubstrate = 650 °C. The SAO and STO films
O2
were grown layer by layer, for each of which the thickness was monitored by reflection high-energy electron diffraction (RHEED) oscillations. The BFO films were
grown with an oxidant (distilled O3) background pressure of 1 × 10−5 Torr and at
Tsubstrate = 380 °C. Owing to the volatilility of bismuth, BFO films were grown in
adsorption-controlled mode with a fixed Bi:Fe flux ratio of 7:1 and the thickness
was controlled by the deposition time of iron. The RHEED electron beam was
blanked during the growth of BFO films to improve the film quality. For plan-view
STEM and TEM characterizations, the surface of the as-grown film was attached
to the carbon film side of a holey carbon TEM grid, and these two parts were then
immersed together in deionized water at room temperature until the sacrificial
SAO layer was completely dissolved, with the freestanding film left on the carbon
TEM grid. To transfer the freestanding oxide film to other substrates (such as silicon, Nb-doped STO and so on), the sample was stuck onto PDMS or silicone-coated PET and released in the same manner. After dissolving in water, the
film/PDMS or film/silicone-coated PET was attached to the new substrate. Finally,
the freestanding film remained on the new substrate after peeling off the PDMS
or silicone-coated PET. The size of the crystalline freestanding films varies with
their film thickness, from millimetres in thicker (tens of unit cells) films to micrometres in ultrathin films (that is, about 10 μm × 10 μm for 2-unit-cell-thick SrTiO3
films, as shown in Fig. 1e).
TEM cross-sectional sample preparation. High-quality Pt/Au (conductive protection layer)/BFO(STO)/Si (conductive silicon substrate) cross-sectional samples
were fabricated using the focused ion beam technique with the FEI Helios 600i
dual-beam system, as schematically shown in Extended Data Fig. 7. The applications of the conductive substrate and capping layer help to reduce the beam
damage. The cross-sectional lamellas were thinned by gallium ion beam at an
accelerating voltage of 30 kV with a beam current of 0.79 nA and followed by
gentle milling using an ion beam at an accelerating voltage of 2 kV with a beam
current of several tens of picoamperes to reduce the superficial amorphous layers
induced by ion implantation damage. We note that in the abovementioned manual
transfer process, the freestanding films were transferred onto Si wafer with random
in-plane orientation. There was no guaranteed alignment in any in-plane orientation between the freestanding BFO films and the Si wafers beneath, and Si has
a low atomic number. As a result, the Si atomic columns were not resolved at the
same time as the freestanding films were in the STEM-HAADF images.
SAED, TEM and STEM experiments. SAED patterns were acquired on a
FEI Tecnai F20 TEM at 200 kV from a flat area of the samples suspended on
holey carbon films or micro carbon grids. We used low electron beam current
(0.045 nA) and short exposure time (2.0 s) to reduce electron beam damage.
Atomic-resolution STEM-HAADF images were obtained on a double spherical
aberration-corrected STEM/TEM FEI Titan G2 60-300 at 300 kV with a field emission gun or on a JEOL Grand ARM with double spherical aberration correctors.
The probe convergence angle on the Titan electron microscope was 25 mrad, and
the angular range of the HAADF detector was from 79.5 mrad to 200 mrad.
Quantitative analysis of polarization. Polarization values were extracted from
the STEM-HAADF images by measuring the relative displacements of B-site Fe
atoms with respect to the centre of four surrounding A-site Bi atoms following
equation (1)34. This method has been widely adopted in the literature35–37.

Pi =

e
Ωi

∑ Zi∗,jδui, j
j

(1)

where Ωi is the volume of the ith unit cell, Zi∗,j is the Born effective charge tensor
and δui, j is the relative displacement of the jth atom.
Ultrathin freestanding oxide films exhibit ripples and roughening characteristics, which result in slanted features as observed in the HAADF-STEM images.
Therefore, in our measurement, only those regions where the atomic columns are
sharp and round were analysed, to minimize the potential slant effect. In addition,
the simulation (Extended Data Fig. 9) shows that the deviation of the quantitative
analysis of c/a is negligible compared to the giant c/a value, owing to the reduced
dimensionality.
PFM measurements. The local ferroelectric properties were measured on freestanding films on a conducting Si wafer using an Asylum Research Cypher scanning probe microscope. Olympus AC240TM Pt/Ti-coated Si cantilevers were
used in the PFM measurements. Hysteresis loops were collected in the dual a.c.
resonance tracking (DART) mode with a triangular pulse of 6.0V in amplitude
applied at the tip. PFM images were taken in the DART mode with driving voltage
(0.5 V a.c.) applied at the tip. During the domain writing, the voltage was also
applied at the tip.
Computational methods. The atomic and electronic structure of the system was
obtained using density functional theory as implemented in the Vienna Ab initio
Simulation Package (VASP)38,39. The projected augmented plane wave method is
used to approximate the electron-ion potential40. The exchange and correlation
potential is calculated with the generalized density approximation. In the calculation, we use a kinetic energy cutoff of 340 eV for the plane wave expansion of the
projected augmented plane waves and an 8 × 8 × 1 grid of k points41 for the
Brillouin zone integration. For each slab in-plane lattice constants and internal
coordinates are relaxed until the Hellman–Feynman force on each atom is less than
|0.01| eV Å−1. The exchange and correlation beyond the generalized density
approximation were taken into account by introducing an onsite Coulomb repulsion with Hubbard U = 5.0 eV (ref. 42) for Fe 3d orbitals in rotationally invariant
formalism43, as implemented in VASP. The relaxation behaviour, however, is found
to be qualitatively similar even without the U parameter. The rhombohedral slabs
were constructed as (1120) cuts of the ground-state R3c phase. All calculations are
spin-polarized and G-type anti-ferromagnetic configuration of Fe ions is assumed.
Spin orbit coupling is not included in the calculations.
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Extended Data Fig. 1 | Growth and transfer of freestanding SrTiO3
films. a–d, The growth and surface morphology of ultrathin STO films of
thickness four unit cells (a), three unit cells (b), two unit cells (c) and one
unit cell (u.c.) (d) on six-unit-cell-thick SAO-buffered STO substrates.
The RHEED intensity oscillations (red curves) exhibit four intensity
oscillation periods in the growth of one-unit-cell-thick SAO (especially
near the SAO surface). Insets, the RHEED diffraction patterns show clear
fourfold reconstructed diffraction patterns. The atomic force microscopy
(AFM) images (right panels) show clear steps and terraces, indicating
the smooth film surfaces. e, High-resolution XRD 2θ–ω scans of a three-

layered heterostructure consisting of an STO film (60 unit cells thick) on
an SAO (four unit cells thick) on an STO substrate heterostructure and the
corresponding freestanding STO film and STO substrate after releasing
the sample. The asterisk denotes the background diffraction peak from the
PDMS tape. f, Optical image of the freestanding 60-unit-cell-thick STO
transferred onto PDMS with the support of a glass slide. g, Magnification
of the 2θ–ω scans around the STO(002) substrate peak show clear
thickness fringes, indicating the smooth surfaces of both the as-grown and
freestanding films.
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Extended Data Fig. 2 | Synthesis of ultrathin freestanding BFO films.
a–c, Cross-sectional HAADF images (a), SAED patterns (b), and planview HAADF images (c) of ultrathin freestanding BFO films of various
unit-cell thicknesses (four, three, two and one) below the reported 2D

limit. Scale bars, 2 nm (a); 2 nm−1 (b); and 5 nm (c). All BFO films were
suspended on holey carbon grids. As the one-unit-cell-thick freestanding
film is extremely sensitive to the electron beam, it can survive only at lowdose SAED measurements.
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Extended Data Fig. 3 | SAED measurements on a one-unit-cell-thick
freestanding BFO film. a, b, SAED measurements on a one-unit-cellthick freestanding BFO film taken at the same region in a sequence
showing clear broadening of the diffraction spots. Scale bars, 2 nm−1.

c, The fitted full-width at half-maximum (FWHM) of the diffraction spots
(red and green dashed boxes in a and b) show a FWHM of 0.2 nm−1 and
0.39 nm−1, indicating that the real-space crystalline lattice domain size
decreases by almost half between these two measurements.
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Extended Data Fig. 4 | PFM measurements on BFO films with different
thicknesses. a, Topography, b, out-of-plane PFM phase images, c, in-plane
PFM phase images, and d, in-plane PFM amplitude images of freestanding
BFO films. Scale bars, 500 nm. All freestanding films exhibit a single
out-of-plane domain. Only the freestanding films thicker than four unit
cells show in-plane polarizations, which is consistent with the R-phase to
T-phase transition observed in the atomically resolved HAADF images,

as discussed in the main text. e, The corresponding local out-of-plane
PFM hysteresis loops show the switchable out-of-plane polarizations in
all ultrathin films. The asymmetry of the coercive field is probably due
to asymmetric electrostatic boundary conditions and a self-poling effect,
which arises at the interface between BFO and the conductive silicon
substrate employed in the measurements.
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Extended Data Fig. 5 | Domain writing of a 20-unit-cell-thick
freestanding BFO film. The initial state contains a single out-of-plane
domain and multiple in-plane domains. The initial out-of-plane domain
with polarization pointing downwards can be switched and this domain-

writing process also affects the in-plane domain orientation owing to the
trailing field effect. The voltage was applied at the tip during the domain
reading and writing. Scale bar, 500 nm.
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Extended Data Fig. 6 | Lattice distortion as a function of position for
an eight-unit-cell-thick BFO slab. Clear lattice distortions c driven by the
surface electric field are found near the polar surface. l is the thickness of
the slab and z is the distance from the surface. The dotted line is a guide to
the eye.
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Extended Data Fig. 7 | Schematic of the workflow of the TEM crosssectional sample preparation using focused ion beam. a, Deposition of
a Pt protection layer on the film surface by electron beam evaporation.
b, Etching by gallium ion beam to form a sample lamella. c, Cutting
off the lamella by gallium ion beam and pulling it out by in situ micromanipulator. d, Adjusting the lamella position. e, Transfer of the lamella
to a sample grid and detaching of the micro-manipulator. f, Thinning
of the lamella to be electron-transparent and removing the superficial
amorphous layers by ion-beam fine milling and polishing.
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Extended Data Fig. 8 | Ripples and roughening in ultrathin
freestanding films. a–e, STEM-HAADF cross-sectional images of
BFO freestanding films showing flat (a–c) and buckled shape (d, e) in
thicker (ten unit cells) and thinner (four unit cells) freestanding films,
respectively. For thicker freestanding films, all atomic columns can be
sharply resolved in a single image since their zone axes were well aligned

with the beam direction (b) and a mistilt of the lattice of just 1° leads to a
blurred image (c). For thinner freestanding films, higher-magnification
images (e) taken with different tilting angles (1° per step) indicate that the
film is a single crystal but twisted owing to the ripples. The scale bars in
the low-magnification images (a, d) are 20 nm and the scale bars in the
enlarged images (b, c, e) are 5 nm.
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Extended Data Fig. 9 | Quantitative estimation of the effect of mistilt
on the analysis of c/a. To quantitatively estimate the effect of the degree of
mistilt on the analysis of c/a, we calculated the simulated HAADF-STEM
images of a hypothetical cubic BiFeO3 crystal as a function of the tilting
angle around the [100] axis (a), and [010] axis (b), respectively, using
a multislice simulation code called QSTEM. The thickness of the BFO
model was about 20 nm (50 unit cells). As shown in a and b, within a few
degrees of the tilt, the atomic columns in STEM images are noticeably
elongated along the direction perpendicular to the rotation axis. Using
the same two-dimensional Gaussian fitting procedure as that one used

for analysing the experimental data in Fig. 3, the deviations of the fitted
lattice constants from the nominal ones are negligible (c). The maximum
deviation of the calculated c/a ratio is less than 0.002, which is two orders
of magnitude smaller than the increment of the c/a ratio (1.22) observed
in the ultrathin freestanding BFO films. The electron energy was 300 kV,
the probe convergence angle was 25 mrad, and the angular range of the
HAADF detector was 79.5 mrad to 200 mrad in the simulation, values
consistent with the experiment. The error bars represent the fitting error
of the lattice constants.

